Proline uptake can be mediated by three different transport systems in Salmonella typhimurium and Escherichia coli (32) . The putP gene encodes a high-affinity proline transport system that mediates Na+-proline symport (4, 5) . The PutP transport system is expressed at high levels only in cells grown in medium containing proline (16, 25, 31) . The proP gene encodes an ion-driven transport system with a low affinity for proline and glycine-betaine (20) . The proU gene encodes a component of a binding-protein-dependent transport system with a low affinity for proline and a high affinity for glycine-betaine (14) . The ProP and ProU transport systems are not induced by proline but are regulated by osmotic stress (8, 20) . Both the ProP and the ProU transport systems are directly activated by osmotic stress, and the ProU system is also induced by osmotic stress. Although the ProP and ProU permeases can transport proline, the rate of proline transport by these systems is too low to allow growth on proline as the sole carbon or nitrogen source. Therefore, strains with a null mutation in the putP gene cannot grow on proline as the sole carbon or nitrogen source (26) .
It is possible to isolate putP mutants which increase the affinity of proline permease for proline (11; R. Myers, D. Townsend, and S. Maloy, in press). Such Km mutants may identify amino acids involved in binding proline at the active site of proline permease. We reasoned that similar mutations in the proP and proU genes would allow a PutP-strain to grow on proline as a sole nitrogen source. Therefore, we mutated a PutP-strain and selected for growth on medium with proline as a sole carbon or nitrogen source. The resulting pseudorevertants transport proline more efficiently than the PutP-parental strain, but the mutation does not affect the putP, proP, or proU genes. The results suggest that a new proline transport system was activated in the pseudorevertants.
(This research was conducted by K. Ekena in partial fulfillment of the requirements for the B.S. degree from the University of Illinois.) * MATERIALS AND METHODS Bacterial strains. All strains used were derivatives of S. typhimurium LT2. The genotypes of the strains are shown in Table 1 .
Media and growth conditions. Nutrient broth (Difco Laboratories, Detroit, Mich.) with 0.5% NaCl was used as a rich medium. Three different minimal media were used: E medium, a medium with citrate as a carbon source and NH4' as the nitrogen source (30) ; NCE medium, a medium with no carbon source and NH4' as the nitrogen source (3); and NCN medium, a medium with no carbon or nitrogen source (3) . The minimal media were supplemented with 0.2% glucose, 0.2% lactose, or 0.6% sodium succinate as a carbon source, and 0.2% proline or 0.2% glycyl-proline as a carbon or nitrogen source. When needed, antibiotics were added to rich media at the following concentrations: kanamycin at 50 jxg/ml, tetracycline HCl at 25 jig/ml, and chloramphenicol at 20 jig/ml. Streptomycin was added at 2 mg/ml in minimal media supplemented with 1% nutrient broth. Growth of cells in liquid media was monitored with a Klett-Summerson colorimeter with a green filter.
Sensitivities to the toxic proline analogs 3,4-dehydroproline (DHP) and L-azetidine-2-carboxylic acid (AZT) were quantitated by measuring the zone of inhibition after radial streaking (27 (9) .
Cells were mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine as described by Roth (27 (2) . The designation proZ was assigned after consultation with Ken Sanderson at the Salmonella Genetic Stock Center.
of the strain to be mutagenized was diluted and spread on a selection plate to give approximately 1,000 colonies per plate. A few crystals of N-methyl-N'-nitro-N-nitrosoguanidine were then placed in the center of the plate, and the plate was incubated at 37°C. Colonies with the desired phenotype were then picked and checked by streaking on the selection medium.
Matings were done by mixing 0.2 ml of an overnight culture of the donor and recipient strains in test tubes and incubating for 2 h at 30°C. The mating mixtures were then centrifuged for 1 min in a microfuge, suspended in 0.85% NaCl, and plated on selective media. Controls with only donor or recipient cells were also done. Hfrs were isolated and mapped as described by Davis et al. (9) . Enzyme assays. 13-Galactosidase was measured as described by Miller (19) by using the sodium dodecyl sulfatechloroform lysis protocol. In vivo proline oxidase assays were done by measuring the formation of a yellow complex between pyrroline-5-carboxylate and o-aminobenzaldehyde by a modification of the procedure of Dendinger and Brill (10) . Cells were grown to mid-log phase (100 to 120 Klett units), washed twice in 0.1 M sodium cacodylate buffer (pH 6.8), and suspended in 3/5 volume of 0.1 M cacodylate buffer. Reactions were carried out in a 30°C shaking water bath in 25-ml Erlenmeyer flasks. To render cells permeable, 5 ,ul of toluene was added directly to 0.5 ml of cells in each flask and the cells were allowed to equilibrate for 10 min.
The reaction was initiated by adding 1.0 ml of reaction mixture (50 mg of o-aminobenzaldehyde dissolved in 2 ml of 95% ethanol which was added to 48 ml of 1 M proline). The reactions were stopped by adding 0.2 ml of 10% trichloroacetic acid after sufficient yellow color had developed. The cells were pelleted in a microfuge, and then the A443 of the supernatant was read and compared with the absorbance of a blank run without cells. The concentration of each cell suspension was determined by measuring the A650.
Transport assays. Transport of L-[U-14C]proline was assayed as described by Myers and Maloy (24) . Cells were grown in NCE plus succinate and proline to mid-log phase. The cells were placed on ice for 10 min and then washed twice by centrifuging at 3,000 x g for 10 min at 4°C and suspending in an equal volume of ice-cold NCE medium. The washed cells were suspended in 1/2 volume of ice-cold starvation buffer (NCE, 0.5 mM glucose, 25 p.g of chloramphenicol per ml), and transferred to a 25-ml Erlenmeyer flask. Cells were starved for proline by shaking at 100 rpm at room temperature for 15 min. The reactions were initiated by adding 0.2 ml of cells to 0.2 ml of reaction mixture (NCE, 1 mM glucose, 50 ,ug of chloramphicol per ml, 10 Biosafe and counting each sample in a 9800 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.) by using a full carbon window.
RESULTS
Isolation of pseudorevertants that allow growth of a putP mutant on proline as a sole carbon or nitrogen source. MS1209 (putP::Mu dJ) grows very slowly on proline as a sole nitrogen source (PSN) because of the disruption of the putP gene. To select for pseudorevertants that increase proline transport, MS1209 was mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine and plated on PSN medium. PSN+ colonies were obtained at a frequency of approximately 10'-to 10-4 per cell. As expected, since precise excision of Mu dJ insertions is known to be very rare, none of the PSN+ colonies obtained were due to precise excision of the putP::Mu dJ insertion. One of the PSN+ pseudorevertants was characterized in detail. Growth of the PutP-parent, the PSN+ pseudorevertant, and the PutP+ control of NCE plus proline is shown in Fig. 1 . The PSN+ pseudorevertant grew better than the PutP-parent on proline as a sole carbon or nitrogen source but not as well as the PutP+ control.
The suppressor mutation increases proline transport. In order to determine if the suppressor mutation (proZ) affected the rate of proline uptake, transport of [14C]proline was assayed. When assayed at 10 p.M proline (approximately 10 times greater than the Km for the PutP transport system), the rate of proline transport by the PutP-parent was negligible but the rate of proline transport by the pseudorevertant was about 20% of the rate of the uninduced PutP+ strain (Table  2) . Thus, the rate of proline transport by the PSN+ pseudorevertant was considerably greater than that of the parental strain. (Table 3) .
The specificity of a proline transport system can be determined by measuring sensitivity to toxic proline analogs. Transport of the proline analogs AZT and DHP results in cell death. Under the conditions used, the PutP permease transports both proline analogs, but the ProP and ProU systems do not transport the analogs efficiently. Thus, the PutPparent was resistant to AZT and DHP (Table 4 ). The PSN+ pseudorevertant was sensitive to both DHP and AZT but not as sensitive as the PutP+ control (Table 4) . Furthermore, the pseudorevertant did not grow faster than the parental mutant on high-osmolarity medium containing betaine (NCE medium, 0.6% succinate, 0.65 M NaCl, 0.2% glycine-betaine), suggesting that the pseudorevertant does not increase the rate of betaine transport.
Suppressor mutation does not directly increase rate of proline degradation. In order to determine if the PSN+ pseudorevertant affects proline degradation in addition to proline transport, proline oxidase assays were done on each of the three strains. When grown on medium containing proline, proline oxidase activity was higher in the mutant strain than in the PutP-parent but somewhat lower than in the PutP+ strain (Table 2 ). Since intracellular proline is the inducer of the put operon and transport is the rate-limiting step in proline utilization (R. Myers, D. Townsend, and S. Maloy, submitted for publication), the levels of proline oxidase in the three strains probably simply reflect the concentration of proline accumulated. This was confirmed in cells grown on the dipeptide glycyl-proline. Glycyl-proline is transported into the cell by a dipeptide transport system and then cleaved by a peptidase to glycine and proline (18) . Therefore, induction of the put operon by glycyl-proline is independent of proline transport. When grown on medium containing glycyl-proline, all three strains expressed similar proline oxidase activities ( Table 2 ), indicating that the suppressor mutation does not directly increase the rate of proline degradation. a Sensitivities to the analogs were measured by radial streaking (27) . Diameters of zones of inhibition are indicated in millimeters. The amino analogs used were the proline analog azetidine-2-carboxylic acid (AZT), the proline analog dehydroproline (DHP), the tryptophan analog 5-methyltryptophan (5MT), the methionine analog ethionine (ET), and the histidine analog triazolalanine (TA) (29) . near either the proP gene or the proU gene. Furthermore, because the transposon insertions disrupt the proP and proU structural genes, these results indicate that the mutation does not simply activate the proP or proU genes or gene products.
In order to map the suppressor mutation, a linked TnJO insertion was isolated and used as a portable region of homology for constructing Hfrs (6) . Using P22 grown on a random TnJO pool, a TnlO insertion was isolated by transducing the pseudorevertant (MS2045) to Tetr and screening for transductants which became PSN-but retained the ability to grow on NCE-plus-succinate medium. By backcrossing against MS2045, the TnlO insertion was shown to be approximately 10%o cotransducible with the suppressor mutation. Hfrs were constructed by homologous recombination between the chromosomal TnWO insertion and TnlO insertions on F' (Ts) 114 zzf::TnlO, and the map position of the Hfr was determined by mating with a series of auxotrophic recipients (9) . The Hfr mapping results indicate that the TnJO insertion mapped between cysG at 73 min and ilv at 83 min on the S. typhimurium linkage map (Table 5) . However, the TnlO insertion was not cotransducible with any of the available mutations that map in this region, including cysG, aroB, malQ, glpD, xyl, mtl, cysE, rfa, pyrE, gltC, and ilvB. On the basis of these results, the PSN+ suppressor mutation probably maps between 75 and 77.5 min on the S. typhimurium linkage map, a region with few mapped genes in either S. typhimurium or E. coli.
Specificity of the new proline transport system. The proZ mutation did not increase sensitivity to tryptophan, methionine, or histidine analogs ( Table 4 ), indicating that the increase in proline transport is not simply due to a general increase in amino acid uptake. However, several other transport systems have been mapped between 75 and 77.5 min: ugpAB, a glycerol-3-phosphate transport system; dctA, a dicarboxylic acid transport system; and livA, a branchedchain amino acid transport system. In order to determine if the ProZ phenotype was due to an unusual substrate specificity mutation in one of these transport systems, we determined whether the substrates could competitively inhibit proline uptake (Table 6 ). Glycerol-3-phosphate and the dicarboxylic acid succinate did not compete with proline transport, but leucine and isoleucine were effective competitive inhibitors of proline transport. The inhibition by leucine and isoleucine seems specific, since other amino acids did not compete with proline transport. These results suggest that the proZ mutation may be an allele of a liv gene resulting in altered substrate specificity of the branched-chain amino acid transport system. DISCUSSION PutP-mutants are unable to grow on proline as a sole carbon or nitrogen source. To isolate mutations that increase the rate of proline uptake by other transport systems, we mutagenized a PutP mutant and selected pseudorevertants on PSN medium.
One of the PSN+ pseudorevertants obtained was analyzed in detail. Growth on proline as a sole carbon and nitrogen source, transport of proline and proline analogs, and expression of proline oxidase were measured in the pseudorevertant. The properties of the pseudorevertant indicate that its PSN+ phenotype is due to increased proline transport. Genetic crosses indicated that the pseudorevertant was not due to a mutation linked to the put operon. Furthermore, the pseudorevertant remained PSN+ when the proP and proU genes were disrupted by transposon insertions, indicating that the PSN+ phenotype was not due to a proP or proU mutation. In addition, this eliminates the possibility that the PSN+ phenotype was due to a mutation in an unlinked gene that activates the ProP or ProU transport systems (e.g., proQ) (21) . Since the suppressor mutation did not map in any of the known proline transport loci, we mapped the mutation by Hfr mapping and P22 cotransduction. The mutation mapped at approximately 76 min on the S. typhimurium chromosome, distant from the putP gene at 22 min, the proP gene at 93 min, and the proU gene at 57 min. The kinetics of proline transport by the pseudorevertant also differs from the kinetics of proline transport by the putP, proP, and proU transport systems (Table 3) .
Motojima et al. (23) previously described another gene (proT) involved in proline transport in E. coli. The phenotype of proT mutants suggests that it encodes a low-affinity proline transport system. The proT mutation was originally mapped to 82 min on the E. coli linkage map (23) , but the map position was later shown to be linked to mal at 75 min (22) . The ProT phenotype is an enigma; the presence of a fourth proline transport system has not been observed in other strains of E. coli (J. Wood, personal communication) or S. typhimurium (R. Menzel, personal communication). The phenotypes of the mutant isolated in this study are different from those reported for proT mutants. For example, the ProT-phenotype is observed only in putP proP double mutants (22) . Furthermore, the map position of the suppressor mutations isolated in this study suggest that they are not due to a proT mutation.
Thus, the phenotypic properties and map position of the suppressor mutant described in this paper are different from those in any known proline transport system. This new locus has been designated proZ. One explanation for these results is that the proZ mutations may activate a cryptic proline transport system (13) . However, since isoleucine and leucine competitively inhibit proline transport by proZ mutants (Table 6 ), the ProZ phenotype may be due to a novel substrate specificity mutation in the branched-chain amino acid transport system encoded by the liv genes (17) . We plan to test this prediction by fine-structure genetic mapping of proZ mutations versus liv mutations.
